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Objective: To determine whether amyloid deposition is associated with impaired neuropsychological (NP) perfor-
mance and whether cognitive reserve (CR) modifies this association.
Methods: In 66 normal elderly controls and 17 patients with Alzheimer disease (AD), we related brain retention
of Pittsburgh Compound B (PiB) to NP performance and evaluated the impact of CR using education and
American National Adult Reading Test intelligence quotient as proposed proxies.
Results: We found in the combined sample of subjects that PiB retention in the precuneus was inversely related
to NP performance, especially in tests of memory function, but also in tests of working memory, semantic
processing, language, and visuospatial perception. CR significantly modified the relationship, such that at progres-
sively higher levels of CR, increased amyloid deposition was less or not at all associated with poorer neuropsy-
chological performance. In a subsample of normal controls, both the main effect of amyloid deposition of worse
memory performance and the interaction with CR were replicated using a particularly challenging memory test.
Interpretation: Amyloid deposition is associated with lower cognitive performance both in AD patients and in the
normal elderly, but the association is modified by CR, suggesting that CR may be protective against amyloid-
related cognitive impairment.
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Amyloid-beta deposition is a central pathophysiologi-
cal marker of Alzheimer disease (AD) but, at au-

topsy, a correlation of dementia severity with amyloid
burden has generally not been found, raising questions
about its relationship to disease progression.1–6 With the
advent of in vivo amyloid imaging using positron emis-
sion tomography (PET) with Pittsburgh Compound B
(PiB), amyloid deposition has been reported in a variety
of clinical conditions and in subjects with a wide range of
clinical impairments. Specific binding and retention of
PiB in cortex has now been demonstrated in patients with
AD,7–11 dementia with Lewy bodies,11–13 cerebral amy-

loid angiopathy,9,14 and subsets of mildly impaired15,16

or apparently unimpaired normal control subjects
(NCS).9,16–20 The presence of amyloid-beta deposition in
clinically normal individuals suggests that PiB retention
might be an antecedent marker along the AD trajecto-
ry.15,16 Normal individuals with elevated PiB retention
showed decreased brain volumes, reduced cortical thick-
ness, and abnormal functional activity during memory en-
coding relative to peers.21–23 However, further research is
required to clarify the relation of PiB retention to clinical
impairment and to elucidate the influence of mediating
factors. In particular, normal individuals with PiB depo-
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sition may show subtle signs of cognitive change if
amyloid-beta deposition marks an early stage of patho-
physiological change.

One of these potentially mediating factors is cogni-
tive reserve (CR), which we refer to as a broad concept
conferring a reduced susceptibility to impairment due to
individual characteristics such as increased synaptic or
neuronal capacity,24,25 greater efficiency engaging brain
networks, or the use of alternative strategies.26–28 We hy-
pothesize that these mechanisms mediating why some in-
dividuals better tolerate disease burden likely arise from
multiple factors. Originally proposed to account for the
finding of substantial AD pathology at postmortem in in-
dividuals considered normal during life,24,29–31 the con-
cept of CR was broadened by Stern and colleagues, who
reported that higher levels of premorbid education and
occupational attainment in AD patient groups matched
for overall dementia severity were related to lower levels of
temporoparietal metabolism.32–35 These reports support
the notion that individuals with greater CR exhibit re-
duced susceptibility to dementia, possibly due to tolerance
of underlying AD pathology. More recently, the impact
of CR has been reported in studies of PiB PET amyloid
burden in AD patients using educational attainment as
the proxy of CR.36,37

Since amyloid-beta pathology develops several years
before cognitive impairment, diagnostic tools for prodro-
mal AD have been actively sought, and amyloid imaging
has emerged as a potentially useful biomarker. To fully
understand the association of amyloid with impairment,
the mediating effect of reserve should be evaluated for-
mally, including in individuals who are clinically normal.
To accomplish this, we evaluated PiB retention as a con-
tinuous variable across wide ranges of amyloid burden
and cognitive function, including normal subjects and pa-
tients with mild AD, and explored both education and an
estimate of ability level (American National Adult Read-
ing Test [AMNART] intelligence quotient [IQ]) as prox-
ies of CR.

Subjects and Methods
Subjects
Eighty-three subjects enrolled in longitudinal studies of aging
and dementia at the Massachusetts General Hospital and
Brigham and Women’s Hospital were studied using protocols
and informed consent procedures approved by the Partners Hu-
man Research Committee. Sixty-six were NCS (Clinical De-
mentia Rating [CDR] � 0)38 and had a mean (standard devia-
tion [SD]) age of 73.9 (8.1) years with a range from 46.2 to
92.4 years. We had a comparison group of 17 patients who met
National Institute of Neurological and Communicative Disor-
ders and Stroke criteria for AD (CDR � 1)39 and had a mean

age of 66.5 (11.5) years with a range from 49.9 to 85.6 years
(Table 1). A review of history and functional performance as
well as physical and neurological examinations confirmed each
diagnosis or status. None of the participants had a history of
alcoholism, drug abuse, head trauma, or current serious medical
or psychiatric illness.

Neuropsychological Evaluation
Subjects underwent functional assessments including subject and
informant ratings on the CDR38 and the Geriatric Depression
Scale.40 A core set of 11 cognitive assessments included the
Mini-Mental State Exam (MMSE),41 Digit Span Forward and
Backward,42 Trails A and B,43 Controlled Oral Word Fluency
to the letters F-A-S (FAS),44 Category Generation to animals,
vegetables, and fruit (CAT),45 the 16-item, 3-trial version of the
Free and Cued Selective Reminding Test (FCSRT)46 utilizing
Free Recall (FRsrt) and Cued Recall (FCsrt) subtests, 60-item
Boston Naming Test (BNT),47 and the Visual Form Discrimi-
nation Test (VFDT).44 An additional, more challenging neuro-
psychological (NP) test, the Memory Capacity Test (Buschke
2005, personal communication) was administered to a consecu-
tively chosen subset of 34 NCS. This test was chosen because it
does not have the same ceiling effect as the FCSRT in normal
controls. We evaluated first and second list learning during free
recall at 30 minutes (Memory Capacity Test [MCT]). Group
mean test scores are given in Table 1. NP test intercorrelations
were r � 0.4 to 0.75. The mean (SD) time between PET im-
aging and testing was 0.90 (1.9) months (except for administra-
tion of the MCT, which was 8.03 [9.1] months).

Cognitive Reserve
To estimate CR, we employed 2 variables, years of education
and ability level as determined by AMNART,48 a pronunciation
list of 50 irregular words that is highly correlated with measured
intelligence on the Wechsler Adult Intelligence Scale-revised ver-
bal IQ (r � 0.80–0.95).48–51 However, in a preliminary anal-
ysis of education as a CR variable, an independent samples t test
in the entire sample (N � 83) revealed a significant gender bias
on education with women (mean � 15.0, SD � 2.6) being less
educated than men (mean � 17.2, SD � 2.3; p � 0.001,
2-tailed) that also occurred in the normal control sample (wom-
en: mean � 14.9, SD � 2.7; men: mean � 17.0, SD � 2.5;
p � 0.005, 2-tailed). There was no significant gender bias for
AMNART IQ in either the entire sample (N � 83; women:
mean � 119.5, SD � 11.9; men: mean � 121.4, SD � 9.7;
p � 0.44, 2-tailed) or in the normal control sample (women:
mean � 121.1, SD � 11.1; men: mean � 123.4, SD � 9.4;
p � 0.40, 2-tailed). We tested our main hypotheses with both
education and AMNART IQ and elected not to covary gender,
because it would have statistically oversaturated our models.

One potential problem with using AMNART as a proxy
of CR is that predictions may underestimate premorbid IQ in
patients with AD.52–54 To resolve this, we linearly regressed
AMNART on MMSE as a measure of dementia severity52 (r �

0.42, p � 0.001) and used the residual (rAMNART) as the IQ
score to estimate CR. For NCS this adjustment was not neces-
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TABLE 1: Demographic Statistics and Neuropsychological Performance

Characteristic/Test No.a NCb,c NC-MCTb PiB�d PiB�d ADc

No. 83 66 34 28 55 17

NC/AD 38/17

Gender M/F 32/51 24/42 12/23 11/17 21/34 8/9

Age, yr 83 73.9 (8.1)c,e 71.9 (9.3) 73.6 (9.6) 71.7 (9.1) 66.5 (11.5)c

Education, yr 83 15.7 (2.8) 16.5 (2.7) 15.8 (3.1) 15.9 (2.5) 16.6 (2.3)

MMSE 81 29.2 (.98)c 29.2 (0.8) 29.0 (1.2)d 27.3 (3.9)d 22.3 (4.1)c

AMNART IQ 81 121.9 (10.5)c 124.0 (6.8) 121.3 (12.5) 119.7 (10.3) 112.9 (10.8)c

GDS 79 2.6 (3.5) 3.4 (3.5) 3.1 (4.0) 2.8 (3.2) 4.5 (3.0)

PiB global DVR 83 1.21 (0.16)c 1.18 (0.12) 1.09 (0.05)d 1.38 (0.21)d 1.56 (0.21)c

Range 0.96–1.72 1.02–1.70 0.96–1.15 1.16–1.85 1.16–1.85

PiB precuneus DVR 83 1.24 (0.22)b,c 1.18 (0.13)b 1.09 (0.06)d 1.49 (0.32)d 1.78 (0.28)c

Range 0.92–2.08 0.98–1.68 0.92–1.18 1.07–2.25 1.13–2.25

NP tests

DSpF 81 6.9 (1.2)c 7.0 (1.1) 6.5 (1.3) 6.8 (1.3) 5.8 (1.5)c

DSpB 81 5.4 (1.2)c 5.6 (1.4) 5.1 (1.2) 5.0 (1.5) 3.6 (1.1)c

Trails Af 80 33.1 (10.1)c 31.0 (11.0) 33.6 (11.3) 47.1 (50.6) 86.2 (86.8)c

Trails Bf 80 76.4 (37.2)c 77.9 (56.8) 85.4 (50.8) 94.4 (61.2) 161.1 (82.9)c

FAS 81 48.1 (13.8)c 48.7 (12.0) 46.2 (15.1) 44.2 (16.0) 31.8 (16.8)c

CAT 81 47.2 (9.1)b,c 50.8 (8.5)b 47.3 (8.6)d 40.2 (14.5)d 22.5 (8.4)c

FRsrt 79 35.3 (5.5)b,c 36.9 (4.9)b 35.3 (5.1)d 27.7 (13.4)d 8.9 (6.2)c

FCsrt 79 47.7 (.61)c 47.7 (0.5) 47.7 (0.5)d 42.5 (10.7)d 29.8 (13.2)c

BNT 81 56.6 (4.1)c 57.6 (3.2) 56.7 (4.8)d 52.2 (11.6)d 41.2 (16.9)c

VFDT 79 30.2 (2.0)c 29.9 (3.3) 30.9 (1.7)d 28.1 (4.9)d 23.6 (7.0)c

CDR-SBf 80 0.12 (0.38)c 0.0 (0.2) 0.07 (0.2)d 1.4 (2.1)d 4.8 (1.0)c

MCT1 34 9.18 (3.4)

MCT2 34 8.53 (2.9)

aSome subjects were unable to complete all of the tests.
bIndependent sample t tests were used for group comparisons. Comparing NC and NC-MCT revealed that NC-MCT subjects
had significantly less precuneus PiB retention (p � 0.05) than the whole NC sample. Also, NC-MCT subjects performed
significantly better than the whole NC sample on CAT (p � 0.01) and FRsrt (p � 0.03). There were no significant differences
between groups in age, education, AMNART IQ, or other cognitive tests.
cIndependent sample t tests were used for group comparisons. Comparison of NC and AD subjects found significant differences in
age, with AD subjects being younger as a group (p � 0.01). Global and Precuneus PiB retention was greater in AD subjects (p �
0.01). AD subjects also had lower AMNART IQ (p � 0.01), and they performed worse on MMSE, DSpF, DSpB, Trails A and B,
FAS, CAT, FRsrt, FCsrt, BNT, VFDT, and CDR-SB (p � 0.001 for all measures). There were no significant differences in
education or GDS score.
dIndependent sample t tests were used for group comparisons. Comparison of PiB� and PiB� subjects found significant
differences, with PiB� subjects having greater global PiB retention (p � 0.0001) and greater precuneus PiB retention (p �
0.0001). PiB� subjects also performed worse on MMSE (p � 0.01), CAT (p � 0.01), BNT (p � 0.02), VFDT (p � 0.01),
FRsrt (p � 0.01), and FCsrt (p � 0.01). CDR-SB scores were also more impaired for PiB� subjects.
eValues are listed as mean (standard deviation).
fNote that for all tests, higher scores indicate better performance, except for Trails A and B and the CDR score, where the reverse
is true.
NC � normal control sample; NC-MCT � normal control sample who also took the Memory Capacity Test; PiB �
Pittsburgh Compound B; PiB� � Pittsburgh Compound B negative for amyloid deposition (ie, global PiB � 1.15); PiB� �
Pittsburgh Compound B positive for amyloid deposition (ie, global PiB � 1.15); AD� Alzheimer disease; MMSE � Mini-
Mental State Exam; AMNART IQ � American National Adult Reading Test intelligence quotient; GDS�Geriatric Depression
Scale; PiB global DVR � PiB distribution volume ratio globally throughout all regions; PiB precuneus DVR � PiB distribution
volume ratio in the region of the precuneus; NP � neuropsychological; DSpF � Digit Span Forward; DSpB� Digit Span
Backward; Trails A � Trailmaking Test Part A; Trails B � Trailmaking Test Part B; FAS � word generation for 60 seconds to
3 letters, F, A and S; CAT� category generation for 60 seconds to 3 categories, animals, vegetables, and fruit; FRsrt� Free
Recall of the 16-item Free and Cued Selective Reminding Test; FCsrt � Free and Cued Recall combined of the 16-item Free
and Cued Selective Reminding Test; BNT � 60-item Boston Naming Test; VFDT � Visual Form Discrimination Test; CDR-
SB � Clinical Dementia Rating–sum of box score; MCT1 � Memory Capacity Test, 30-minute delayed recall of 1st list;
MCT2 � Memory Capacity Test, 30-minute delayed recall of 2nd list.



sary, as the mean (SD) MMSE was 29.2 (0.98), and AMNART
and rAMNART correlated at r � 0.99, but for simplicity, we
report rAMNART for all analyses, including those involving
only normal control subjects.

PET Imaging
PiB was prepared as described by Mathis et al,55 and PiB PET
acquisitions were performed as described previously.9,13 Follow-
ing a transmission scan, 8.5–15mCi 11C-PiB was injected as a
bolus and followed immediately by a 60-minute dynamic acqui-
sition. PiB PET data were reconstructed with ordered set expec-
tation maximization, corrected for attenuation. Each frame was
evaluated to verify adequate count statistics and absence of head
motion. The Logan graphical analysis method56,57 with cerebel-
lar cortex as the reference tissue input function was used to eval-
uate specific PiB retention expressed as the distribution volume
ratio (DVR).9,13,19,58–61

Image Analysis
We calculated the DVR (with cerebellar gray reference) in ag-
gregate cortical regions of interest (ROIs), global mean cortical,
bilateral precuneus, lateral frontal (superior and middle frontal
gyri), and occipital (superior, middle, and inferior occipital gy-
ri),62 as described previously.9,13 The precuneus, including the
posterior cingulate, was selected because of its prominent, early
amyloid deposition,19 and because of its role in memory func-
tion17; lateral frontal was chosen because it has been consistently
reported to contain very high levels of PiB retention13,19,60; oc-
cipital was chosen as a control region to represent intermediate
levels of PiB retention.13

Data Analysis
We used canonical correlation analysis, a multivariate technique,
to specifically search for the linear combination (“canonical vari-
ate”) of the 11 NP tests that related most strongly to a corre-
sponding linear combination of the set of predictors under con-
sideration.63 The canonical correlation provided a single,
unbiased test of statistical significance, which takes into account
the sample size, the number of variables in the analysis, and
intercorrelations between and within sets of them, as well as the
fact that it is a pair of linear combinations prederived to maxi-
mally correlate whose correlation is being tested for significance.
Note that although �1 canonical correlation can be sequentially
derived, uncorrelated with those previously derived, each canon-
ical variate is initially evaluated to assess whether the magnitudes
and signs of its loadings (ie, the correlation of each constituent
variable with the canonical variate) suggest a reasonable and sub-
stantive meaning (see Supplemental Table S1 for a more de-
tailed explanation).63 Here the putative set of predictors were:
age, years of education, rAMNART, PiB retention, and the in-
teraction (cross-product) of rAMNART with PiB retention. The
interaction is sensitive to any differential relations of PiB reten-
tion to the NP tests dependent on level (strata) of CR. We fur-
ther characterized any discovered significant canonical relation
with post hoc multiple regressions relating (1) the canonical
variate of the 11 NP tests to the set of predictors and (2) each

individual NP test to the same set of predictors. We performed
this same set of analyses in the full sample (n � 83) and in 2
subsets of subjects, (1) those with high amyloid burden (PiB-
positive, defined as being within the range of AD, ie, global
mean PiB � 1.15, n � 51; CDR0 n � 36; CDR1 n � 15) and
(2) those in the subset of NCS (n � 66). Finally, for the MCT,
which was administered to a subset (n � 34) of the NCS, we
performed regression analyses with the same set of putative pre-
dictors as above: age, years of education, rAMNART, PiB reten-
tion, and the interaction (cross-product) of rAMNART with
PiB retention. (These 34 subjects were similar in age, gender,
education, AMNART IQ, MMSE, and precuneus PiB DVR to
the larger NCS sample, n � 66; see Table 1.) The analyses were
performed with SPSS v17.0 (SPSS Inc., Chicago, IL) and SAS
v9.1.3 (SAS Institute Inc., Cary, NC).

Results
Association of Precuneus Amyloid Deposition
and NP Performance as Modified by CR
across All Subjects (n�83)
We initially explored whether precuneus PiB retention
was associated with impaired NP performance using a ca-
nonical correlation analysis across both normal subjects
and patients with AD. The canonical correlation analysis
of the set of 11 NP tests versus the set of predictors re-
vealed 2 canonical correlations that were individually sig-
nificant (p � 0.001) and of about equal strength (see
Supplemental Table S1). (Because some variables were
non-normally distributed in violation of test assumptions,
the statistical significance of all relevant canonical corre-
lations in this study were confirmed with nonparametric
permutation tests of 1,000 resamples, all of which re-
turned p � 0.003.) The first pair of canonical variates
had weaker loadings on the NP tests, whereas the second
pair of canonical variates (canonical r � 0.70) were
loaded moderately to highly on all of the NP tests (load-
ings for each NP test are given in Supplemental Table 2).
The corresponding variate for the predictor set showed a
strong negative loading for precuneus PiB retention that
is consistent with increasing amyloid burden and wors-
ening NP performance. However, there was also a strong
positive loading for the interaction of PiB with rAMN-
ART consistent with a moderating effect of CR,
whereby the negative relation of amyloid to NP perfor-
mance became less and less negative at progressively
higher strata of CR.

A post hoc multiple regression of the NP canonical
variate on the set of predictors confirmed a significant
(p � 0.001) partial negative relation of precuneus PiB to
the NP variate with a significant, positive coefficient for
the interaction term (p � 0.03; Table 3), analogous to
what was found for the canonical loadings. (Correlations,
ie, loadings of each individual predictor variable, ie, age,
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education, rAMNART, precuneus PiB, and PiB � rAM-
NART, with their own canonical variates are given in Ta-
ble 2, along with regression coefficients and significance
values relative to their relation to the NP canonical vari-
ates.) Plots of the NP variate versus precuneus PiB (Fig
1A, unadjusted for age and education) indicate the main
effect as a net downward slope, and an accompanying in-
teraction effect as a splaying of the individual regression
lines. (The predicted model, adjusted for age and educa-
tion, for the full sample is shown in Supplementary Fig
S1.) All the above findings were virtually the same if a
measure of global amyloid deposition was included as an
additional covariate in the predictor set (data not shown),
suggesting anatomical specificity of the findings for the
precuneus ROI and not phenomena that are spuriously
tied to global amyloid.

Additional post hoc multiple regressions of individ-
ual NP tests on the predictor set revealed significant in-
verse relationships of precuneus PiB retention with per-
formance on Digit Span Backward, CAT, FRsrt, FCsrt,

BNT, VFDT, and CDR-sum of box score. For example,
the BNT score was reduced on average by about 14
points for each unit of increase in PiB DVR. Even in the
case of the few NP tests showing nonsignificant effects in
this regard, the coefficient for precuneus PiB was in the
predicted direction (Table 3). In addition, post hoc mul-
tiple regressions of individual NP tests on the predictor
set revealed significant interactions of PiB retention and
rAMNART for Trails A, FAS, and BNT, with coefficient
signs in the direction predicted, indicating that high CR
suppressed the magnitude of the inverse relation of PiB
retention to cognitive test performance. There was no sig-
nificant interaction of PiB retention and rAMNART on
tests of memory, category generation, working memory,
visuospatial perception, and CDR status, although virtu-
ally all coefficients for the interactions were in the pre-
dicted direction. We also evaluated whether the main ef-
fect of PiB was observed without the interaction term in
the model, and found that precuneus PiB had a highly
significant (p � 0.0001) inverse relation to the canonical
variate, as expected.

Analyses in Subsample of PiB: Positive
Subjects
(n � 51)
We performed the same analyses as above on the subset of
PiB-positive subjects. Results were virtually identical to
those in the full sample (relevant canonical r � 0.77, p �
0.01; see Fig 1B and Table 4), except that the interaction
of precuneus PiB with rAMNART was not statistically
significant in the follow-up regression (p � 0.30); it was,
however, in the hypothesized direction. Note in Figure
1B that the strata of rAMNART form nearly parallel
lines, consistent with the lack of an interaction.

Analyses in Subsample of Normal Control
Subjects (n � 66)
In analyzing the subsample of NCS alone, the largest ca-
nonical correlation (r � 0.82, p � 0.001) was similar to
those discussed above in that almost all NP tests loaded at
least moderately on it in expected directions (see Supple-
mental Table S1 and Table 5). For the predictor variable
set, the loading for PiB retention (0.10) (see Table 5) sug-
gested that there was little or no overall relationship be-
tween amyloid burden and performance on the NP tests.
Follow-up multiple regression confirmed no significant,
independent relationship of precuneus PiB retention to
the NP canonical variate (p � 0.97) when the interaction
with rAMNART was also included in the model (see Ta-
ble 3). When the interaction term was not included in the
multiple regression model, the main effect of PiB predict-
ing the NP variate was also nonsignificant.

TABLE 2: Correlations (Loadings) of Predictor
Variables with Predictor Canonical Variate, and
Regression Analysis of the NP Canonical Variate
on Predictors: Full Sample

Predictor
Variable

Correlations of
Predictor Vari-
ables with
Their Own
Canonical
Variate

Regression Analysis
of the NP Canonical

Variate and
Predictors

Parameter
Estimatea

p

Age 0.3191 0.026 0.0133b

Education 0.2389 0.038 0.3152

rAMNART 0.5814 �0.072 0.1568

Precuneus
PiB

�0.6742 �1.545 �0.0001b

Precuneus
PiB
rAMNART
interaction

0.6189 0.087 0.0278b

The counterintuitive positive sign for the values
corresponding to age is due to the fact that the AD group
was significantly younger than the normal control group,
and thus NP dysfunction due to AD was confounded
somewhat with younger age. Note that this does not occur
for the analysis restricted to normal controls.
aPartial (unstandardized) regression coefficients.
bStatistically significant.
NP � neuropsychological; rAMNART � residual
American National Adult Reading Test; PiB � Pittsburgh
Compound B; AD � Alzheimer disease.
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However, the canonical correlation analysis con-
firmed in the NCs that the interaction of PiB and CR
had a large positive loading in the canonical variate (0.72)
(see Table 5), and in the follow-up regression, this inter-
action had a significant (p � 0.001), positive coefficient
(see Table 3). Thus, the relationship of precuneus amy-
loid deposition and NP performance was significantly
modified by cognitive reserve, as was the case for the
larger sample including AD patients. When NP perfor-
mance (unadjusted for age and education) versus PiB re-
tention is plotted separately for 3 strata of CR, a succes-
sion of sloped regression lines can be seen (see Fig 1C),
indicating that NP is inversely related at the lowest stra-

tum of CR, but that the relation flattens at higher strata
of CR. Thus, in this lower range of PiB retention, at the
opposite end of the continuum compared with the PiB-
positive subgroup, the overall relation of PiB to NP tests
is actually strongest of the 3 groups analyzed (canonical
r � 0.82, percent variance � 67%; see Table 2). How-
ever, here the converse of what was found for the PiB-
positive subgroup occurred; it was the interaction effect
that dominated and neutralized the net negative main ef-
fect of PiB to NP performance, rather than the other way
around. Although PiB binding in our normal control
sample was skewed toward subjects with lower levels of
precuneus PiB binding, it could be argued that the find-

TABLE 3: Multiple Regression Analyses of Individual NP Tests and the NP Canonical Variate on Precuneus
PiB Retention and Its Interaction with rAMNART, Covarying Age, Years of Education, and rAMNART

NP Test Full Sample, N � 83 PiB Positive Only, n � 51 Normal Controls Only, n � 66

Precuneus PiB DVR Interaction of
rAMNART with
Precuneus PiB

DVR

Precuneus PiB DVR Interaction of
rAMNART with
Precuneus PiB

DVR

Precuneus PiB DVR Interaction of rAM-
NART with Precu-

neus PiB DVR

Coefficienta p Coefficienta p Coefficienta p Coefficienta p Coefficienta p Coefficienta p

DSpF �0.554 0.211 0.063 0.317 �1.304 0.014b 0.087 0.284 1.017 0.1 0.002 0.987

DSpB �1.318 0.006b 0.061 0.358 �1.947 0.001b 0.138 0.135 0.512 0.448 �0.018 0.864

Trails Ac 26.778 0.072 �4.688 0.029b 18.644 0.4 �7.599 0.034b �4.286 0.38 �0.939 0.213

Trails Bc 34.022 0.103 �2.845 0.337 40.406 0.133 �4.546 0.284 �36.474 0.073 �1.663 0.591

FAS �5.925 0.219 1.417 0.041b �6.147 0.3 1.693 0.076 10.524 0.1 1.922 0.052b

CAT �19.621 �.0001b 0.633 0.283 �21.177 0.001b 0.626 0.499 �0.3162 0.944 1.254 0.076

FRsrt �20.474 �.0001b �0.035 0.947 �21.257 �.001b 0.116 0.892 2.79 0.358 0.287 0.535

FCsrt �15.764 �.0001b 0.281 0.467 �17.057 �.001b 0.4 0.542 �0.489 0.139 0.14 0.006b

BNT �14.517 �.0001b 1.086 0.013b �14.858 0.002b 1.532 0.036b �1.748 0.343 0.335 0.239

VFDT �5.215 0.0008b 0.133 0.527 �3.695 0.103 0.405 0.247 �2.353 0.061 0.099 0.578

CDR-SBc 3.398 �.0001b 0.012 0.886 3.405 �.001b �0.01 0.944 �0.192 0.387 0.007 0.845

Canonical
Variate

�1.545 �.0001b 0.087 0.028b �2.029 �.001b 0.052 0.297 0.014 0.971 0.208 0.0002b

Full
model R2

.4870 �.0001b .5982 �.0001b .6745 �0.0001b

Normal Controls, n � 34

MCT1 �165.1 0.193 1.277 0.202

MCT2 �248.0 0.013b 1.931 0.014b

Note that for each of the models, when the interaction term was removed, the coefficient and significance of the main effect
remained essentially the same.
aUnstandardized partial regression coefficient.
bStatistically significant.
c Scores are inversely related to performance.
NP � neuropsychological; PiB � Pittsburgh Compound B; rAMNART � residual American National Adult Reading Test;
DVR � distribution volume ratio; DSpF� Digit Span Forward; DSpB � Digit Span Backward; Trails A � Trailmaking Test
Part A; Trails B � Trailmaking Test Part B; FAS � word generation for 60 seconds to 3 letters, F, A and S; CAT � category
generation for 60 seconds to 3 categories, animals, vegetables, and fruit; FRsrt� Free Recall of the 16-item Free and Cued
Selective Reminding Test; FCsrt � Free and Cued Recall combined of the 16-item Free and Cued Selective Reminding Test;
BNT � 60-item Boston Naming Test; VFDT� Visual Form Discrimination Test; CDR-SB � Clinical Dementia Rating–sum
of box score; MCT1 � Memory Capacity Test, 30-minute delayed recall of 1st list; MCT2 � Memory Capacity Test, 30-
minute delayed recall of 2nd list.
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ings were being driven by only a few subjects. However, a
large number of cases (30 NCS, 45% of the NCS group)
with extensive amyloid deposition suggested that our
findings in the normal control sample were not being
driven by a small number of cases.

Analysis of Memory Capacity Test in Normal
Control Subjects (n � 34)
The observation that PiB retention is systematically re-
lated to cognition in NCs is an important observation
and warranted further exploration. Therefore, a more
challenging memory test, second list learning during free
recall at 30 minutes, was evaluated in a subset of NCs
who were available for additional testing. These data came
from a behavioral session that was independent from
those analyzed above. As hypothesized, we replicated
both the significant main effect, that precuneus PiB was
inversely related to performance ( p � 0.01), and the
significant interaction with rAMNART ( p � 0.01) that
attenuated the inverse effect at higher CR (see Table 3
and Fig 1D).

Anatomic Specificity of Amyloid Pathology
and Relationship to NP and CR
For both frontal and occipital ROIs, higher PiB retention
was associated with poorer performance on the group of
11 NP tests, combined as a canonical variate. For both
ROIs, a significant canonical variate indexing good NP
performance and loading moderately on most of the NP

A

B

C

D

ST.

Š FIGURE 1: Neuropsychological performance versus precu-
neus Pittsburgh Compound B (PiB) retention. In each
panel, subjects are color-coded by tertile strata of increas-
ing cognitive reserve (CR), expressed as residual American
National Adult Reading Test (AMNART) intelligence quo-
tient (IQ): low, medium, and high. Solid lines represent the
ordinary least squares regression lines for each stratum.
Note that data points shown are not adjusted for age or
education, as in the regression analyses (see Table 2). (A)
In the full sample of subjects (N � 83), neuropsychological
(NP) performance represented by the canonical variate was
inversely related to PiB retention, but the effect was at-
tenuated at higher levels of IQ. (B) In the subset of PiB-
positive subjects (defined as global mean cortical PiB dis-
tribution volume ratio [DVR] > 1.15; n � 55), canonical
variate NP performance was inversely related to PiB reten-
tion, but no interaction with CR was observed, that is,
regression lines are nearly parallel. (C) In the subset of NC
subjects (n � 66), the relation of canonical variate NP per-
formance to PiB retention did not reach significance; in-
stead, the significant interaction effect with CR resulted in
a systematic splaying of the data according to CR, identi-
fied as strata of AMNART IQ. (D) In the further subset of
NC subjects with data from the more challenging MCT
(n � 34), both a significant main effect of PiB on NP per-
formance and a significant interaction with CR were ob-
served. NC-MCT � normal control Memory Capacity Test.
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tests in predicted directions was negatively related to PiB
at the ROI. For the frontal ROI, the loading for PiB re-
tention was r � �0.61, and for the occipital, r � �0.80.
Multiple regressions indicated significant, independent,
negative relationships for both the frontal (p � 0.0001)
and occipital (p � 0.0001) PiB retention to their respec-
tive NP canonical variates. However, for both these ROIs,
the interaction of PiB retention with CR was not signif-
icant (frontal p � 0.82, occipital p � 0.79), as it was in
the case of the precuneus ROI.

Discussion
We report that amyloid deposition is associated with re-
duced cognitive performance among clinically normal in-
dividuals (CDR � 0), and that the relationship is system-
atically weaker in subjects with higher CR. Clinically
normal individuals with higher CR have less susceptibility
to amyloid-related impairment than those with lower CR.
We confirmed the interaction with CR across a range of
cognitive performance including patients with mild

AD,35,36 but found that the subset of subjects above the
threshold for amyloid positive seem to derive less benefit
from CR, as the main effect of declining performance
with increasing amyloid overwhelmed the weaker, moder-
ating effect of CR. Our findings are consistent with epi-
demiological data suggesting that higher education and
occupational attainment is associated with decreased risk
for AD,32 with postmortem data relating AD pathology
to cognitive function during life in clinically normal in-
dividuals,30 and with CR modification for amyloid
plaque-related cognitive function, but not for tangle-
related function.28

It is not known whether deposited amyloid, soluble
forms of �-amyloid, or other associated pathologies are
directly responsible for impairment or the effect of CR.
However, our findings strengthen existing evidence that
brain amyloid burden measured with PET correlates with
level of cognitive impairment.7,16,20,64 Similarly, although
high CR permits individuals to tolerate encroaching pa-
thology, it is not known whether this comes about be-

TABLE 4: Correlations (Loadings) of Predictor
Variables with Predictor Canonical Variate, and
Regression Analysis of the NP Canonical Variate
on Predictors: PiB-Positive Subjects

Predictor
Variable

Correlations of
Predictor Vari-
ables with
Their Own
Canonical
Variate

Regression Analysis
of the NP Canoni-
cal Variate and Pre-

dictors

Parameter
Estimatea

p

Age 0.4361 0.041 0.0021b

Education 0.0745 0.079 0.0843

rAMNART 0.3535 �0.047 0.4988

Precuneus
PiB

�0.8079 �2.029 �0.0001b

Precuneus
PiB
rAMNART
interaction

0.3791 0.052 0.2969

The counterintuitive positive sign for the values
corresponding to age is due to the fact that the AD group
was significantly younger than the normal control group,
and thus NP dysfunction due to AD was confounded
somewhat with younger age. Note that this does not occur
for the analysis restricted to normal controls.
aPartial (unstandardized) regression coefficients.
bStatistically significant.
NP � neuropsychological; PiB � Pittsburgh Compound
B; rAMNART � residual American National Adult
Reading Test; AD � Alzheimer disease.

TABLE 5: Correlations (Loadings) of Predictor
Variables with Predictor Canonical Variate, and
Regression Analysis of the NP Canonical Variate
on Predictors: Normal Controls

Predictor
Variable

Correlations of
Predictor Vari-
ables with
Their Own
Canonical
Variate

Regression Analysis
of the NP Canonical
Variate and Predic-

tors

Parameter
Estimatea

p

Age �0.5209 �0.042 �0.0001b

Education 0.7792 0.156 �0.0001b

rAMNART 0.6942 �0.223 0.0013b

Precuneus
PiB

0.1048 0.014 0.9708

Precuneus
PiB
rAMNART
interaction

0.7199 0.208 0.0002b

The counterintuitive positive sign for the values
corresponding to age is due to the fact that the AD group
was significantly younger than the normal control group,
and thus NP dysfunction due to AD was confounded
somewhat with younger age. Note that this does not occur
for the analysis restricted to normal controls.
aPartial (unstandardized) regression coefficients.
bStatistically significant.
NP � neuropsychological; rAMNART � residual
American National Adult Reading Test; PiB � Pittsburgh
Compound B; AD � Alzheimer disease.
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cause of higher synaptic or neural capacity or greater ef-
ficiency in cognitive strategies or network engagement
that may have neuroprotective effects related to CR. Con-
versely, those with lower CR may have been exposed to
developmental circumstances that prevent the achieve-
ment of higher CR, thus producing increased vulnerabil-
ity to amyloid’s neurotoxic effects. It is also possible but
unknown whether the transition from soluble to depos-
ited amyloid itself provides a form of reserve by seques-
tering putatively more toxic forms of �-amyloid.65,66

What does seem clear, however, is that attempts to relate
amyloid PET to NP performance or to treatment-related
changes in NP performance should be interpreted against
the background of each subject’s level of CR.

The relationship of NP performance to amyloid
burden was much less obvious in subjects with high levels
of CR when the NP canonical variate was used. Because
we suspected that ceiling effects could obscure the rela-
tionship, we considered the possibility that more challeng-
ing test instruments could improve our ability to detect
interaction effects at higher levels of CR. We found in an
independent test session that the use of the MCT, an ep-
isodic memory test with no evidence of ceiling effects in
our sample, permitted us to discover not only the inter-
action of amyloid with CR, but also the main effect of
reduced performance with higher levels of amyloid.

High amyloid burden in the precuneus was related
in the full sample of subjects to poorer performance across
multiple domains of NP function, including tests of
working memory (Digit Span Backward), episodic mem-
ory (FRsrt and FCsrt), semantic processing (CAT), nam-
ing (BNT), and visuospatial perception (VFDT). In con-
trast, tests that measured speed of processing (eg, Trails
A) and letter fluency (ie, FAS) were not associated with
PiB retention in the precuneus but, similar to the findings
of Bennett et al in analyses of postmortem data,29 did
have a significant interaction with CR (see Table 3). CR
could have a stronger effect on particular cognitive tests
but not others, because some tests may permit individuals
to use a broader range of alternate cognitive strategies that
are more accessible to those with higher CR.67,68 For ex-
ample, some tasks, such as Trails A and FAS, require
more primitive sequencing and phonemic search strategies
that may still be accessible to those with higher CR, al-
lowing for the successful completion of the task even in
the context of extensive amyloid deposition. The clinical
literature has widely reported that letter fluency tasks,
such as FAS, are much better preserved in patients with
AD.45,69,70

Our examination of specific ROIs indicated that
PiB retention in the frontal region, which has been re-

ported to bear a substantial amyloid burden,7,10,13,19 was
related to NP performance, but there was no interaction
with CR. This finding suggests that, compared with pre-
cuneus, frontal amyloid deposition may be linked to im-
pairment and disease severity, but the protective effect of
CR is not as readily observable. This finding differs from
Kemppainen et al,37 who found that highly educated AD
patients showed significant increases in PiB uptake in the
frontal region compared with less educated AD patients,
perhaps because their sample included only impaired sub-
jects. Our finding that CR did not attenuate amyloid-
related performance in frontal regions may relate to re-
ports that frontal PiB retention was not as strongly related
to atrophy or gray matter loss20,58 or to fluorodeoxyglu-
cose hypometabolism.7,8,15

Lower strata of CR were underrepresented in our
sample of NCS (mean IQ � 121.9), and all NCS in the
lowest IQ quartile had lower levels of PiB retention (see
Fig 1C). One possible explanation for this is consistent
with our hypothesis that individuals in the lowest stratum
of CR would have greater levels of impairment as PiB
retention increases than those in higher strata. Therefore,
lower CR subjects with higher levels of amyloid would be
less likely to be classified as clinically normal. To evaluate
this possibility, we are currently recruiting subjects specif-
ically targeting the lower strata of CR. If our observations
are extrapolated to these individuals, however, they would
be the most clinically impaired and least able to partici-
pate.

Although we chose to use the AMNART IQ as a
proxy of reserve, we realize it has limitations. For exam-
ple, AMNART IQ measures only 1 aspect of CR, namely
verbal ability level, but there are other factors that may
contribute to CR, such as early educational experiences,
late-life cognitive activities, life-style factors, occupation,
and socioeconomic status.28,71 We also recognize that the
AMNART IQ may not be an accurate measure of pre-
morbid ability for all individuals, particularly those with
reading difficulties or non–English-speaking participants.
Although all subjects in our sample were English speak-
ing, and no one had a history of learning disabilities, this
limits the use of AMNART IQ for all populations. Fi-
nally, education has been used successfully in several other
PiB studies as a proxy of reserve,22,36 but we found that
in our older population, a bias occurred where women
did not have the same educational advantages as men. In
the past, we found a similar bias directly comparing edu-
cation and AMNART IQ in older individuals.72 When
education was used as an interaction variable with precu-
neus PiB, we also found a significant main and interac-
tion effect with CR, as others have reported.36,37 How-
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ever, when the interaction of rAMNART IQ with CR
was added to the model, the interaction with education
became nonsignificant. Possibly, AMNART IQ may be
closer to the underlying operative of the CR concept, and
education may be sharing variance as a confounded cor-
relate. In the future, it will be important to explore fur-
ther the many dimensions of CR to more closely approx-
imate this concept.

Another limitation of this report is the lack of apo-
lipoprotein E (APOE) genotyping in all subjects. Reiman
et al73 have recently reported that fibrillar beta-amyloid is
significantly associated with APOE epsilon 4 carrier status
in cognitively normal older individuals. It is possible that
our findings in the normal control sample may have been
attributable to APOE variants. In the entire sample of 83
subjects, 43 had APOE genotyping. We reran the above
canonical analysis and included APOE genotyping with 1
or no copies of the APOE epsilon 4 allele as a dummy-
coded predictor variable. We found that APOE status was
not a significant predictor of the NP canonical variate,
whether it was included as an additional predictor in the
canonical analysis or merely introduced as an additional
covariate in the follow-up regressions. Among the subjects
with genotyping, we found a trend (p � 0.10) in precu-
neus PiB deposition, with E4 carriers having slightly more
amyloid (DVR � 1.35 � 0.3) than non-E4 carriers
(DVR � 1.21 � 0.2). However, the lack of a significant
finding is most likely related to small sample size. Future
work will be required to explore the association of genetic
factors including APOE genotype to determine if APOE
makes an independent contribution to our observed find-
ings of CR modification.

This work was supported by the National Institute on Ag-
ing (grant AG027435-S1, R.A.S., K.A.J.; grant
AG00513421, R.A.S., K.A.J.; and grant AG021910,
R.L.B.), an anonymous medical foundation the Howard
Hughes Medical Institute (R.L.B.), the Alzheimer Associ-
ation IIRG-06-32444 (grant IIRG-06-32444, R.A.S.,
K.A.J. and grant IIRG-08-90934, D.M.R., K.A.J.), and
the Charles H. Farnsworth Trust, Boston Massachusetts
(D.M.R.).

We thank Dr H. Buschke and the Albert Einstein Col-
lege of Medicine for the use of the MCT, M. Frey for
collecting the MCT data, the investigators and staff of
the Massachusetts Alzheimer’s Disease Research Center,
the individual research participants, and their families
and caregivers.

References
1. Arriagada PV, Growdon JH, Hedley-White ET, et al. Neurofibril-

lary tangles but not senile plaques parallel duration and severity
of Alzheimer’s disease. Neurology 1992;42:631–639.

2. Arriagada PV, Marzloff K, Hyman BT. Distribution of Alzheimer-
type pathologic changes in nondemented elderly individuals
matches the pattern in Alzheimer’s disease. Neurology 1992;42:
1681–1688.

3. Duyckaerts C, Colle MA, Dessi F, et al. Progression of Alzheimer
histopathological changes. Acta Neurol Belg 1998;98:180–185.

4. Giannakopoulos P, Herrmann FR, Bussiere T, et al. Tangle and
neuron numbers, but not amyloid load, predict cognitive status
in Alzheimer’s disease. Neurology 2003;60:1495–1500.

5. Ingelsson M, Fukumoto H, Newell KL, et al. Early Abeta accu-
mulation and progressive synaptic loss, gliosis, and tangle for-
mation in AD brain. Neurology 2004;62:925–931.

6. Nagy Z, Esiri MM, Jobst KA, et al. Relative roles of plaques and
tangles in the dementia of Alzheimer’s disease: correlations using
three sets of neuropathological criteria. Dementia 1995;6:21–31.

7. Edison P, Archer HA, Hinz R, et al. Amyloid, hypometabolism,
and cognition in Alzheimer disease. An [11C]PIB and [18F]FDG
PET study. Neurology 2007;68:501–508.

8. Engler H, Forsberg A, Almkvist O, et al. Two-year follow-up of
amyloid deposition in patients with Alzheimer’s disease. Brain
2006;129:2856–2866.

9. Johnson KA, Gregas M, Becker JA, et al. Imaging of amyloid
burden and distribution in cerebral amyloid angiopathy. Ann
Neurol 2007;62:229–234.

10. Klunk WE, Engler H, Nordberg A, et al. Imaging brain amyloid in
Alzheimer’s disease with Pittsburgh Compound-B. Ann Neurol
2004;55:306–319.

11. Rowe CC, Ng S, Ackermann U, et al. Imaging beta-amyloid bur-
den in aging and dementia. Neurology 2007;68:1718–1725.

12. Bacskai BJ, Frosch MP, Freeman SH, et al. Molecular imaging
with Pittsburgh Compound B confirmed at autopsy: a case re-
port. Arch Neurol 2007;64:431–434.

13. Gomperts SN, Rentz DM, Moran E, et al. Imaging amyloid dep-
osition in Lewy body diseases. Neurology 2008;71:903–910.

14. Greenberg SM, Grabowski T, Gurol ME, et al. Detection of iso-
lated cerebrovascular beta-amyloid with Pittsburgh compound B.
Ann Neurol 2008;64:587–591.

15. Forsberg A, Engler H, Almkvist O, et al. PET imaging of amyloid
deposition in patients with mild cognitive impairment. Neurobiol
Aging 2008;29:1456–1465.

16. Pike KE, Savage G, Villemagne VL, et al. Beta-amyloid imaging
and memory in non-demented individuals: evidence for preclin-
ical Alzheimer’s disease. Brain 2007;130:2837–2844.

17. Buckner RL, Snyder AZ, Shannon BJ, et al. Molecular, structural,
and functional characterization of Alzheimer’s disease: evidence
for a relationship between default activity, amyloid, and memory.
J Neurosci 2005;25:7709–7717.

18. Aizenstein HJ, Nebes RD, Saxton JA, et al. Frequent amyloid
deposition without significant cognitive impairment among the
elderly. Arch Neurol 2008;65:1509–1517.

19. Mintun MA, Larossa GN, Sheline YI, et al. [11C]PIB in a nonde-
mented population: potential antecedent marker of Alzheimer
disease. Neurology 2006;67:446–452.

20. Jack CR Jr, Lowe VJ, Senjem ML, et al. 11C PiB and structural
MRI provide complementary information in imaging of Alzhei-
mer’s disease and amnestic mild cognitive impairment. Brain
2008;131:665–680.

21. Dickerson BC, Bakkour A, Salat DH, et al. The cortical signature
of Alzheimer’s disease: regionally specific cortical thinning relates

ANNALS of Neurology

362 Volume 67, No. 3



to symptom severity in very mild to mild AD dementia and is
detectable in asymptomatic amyloid-positive individuals. Cereb
Cortex 2009;19:497–510.

22. Fotenos AF, Mintun MA, Snyder AZ, et al. Brain volume decline
in aging: evidence for a relation between socioeconomic status,
preclinical Alzheimer disease, and reserve. Arch Neurol 2008;65:
113–120.

23. Sperling RA, Laviolette PS, O’Keefe K, et al. Amyloid deposition
is associated with impaired default network function in older per-
sons without dementia. Neuron 2009;63:178–188.

24. Katzman R, Anderson JM, Fuld P, et al. Development of de-
menting illness in an 80-year-old volunteer cohort. Ann Neurol
1989;25:317–324.

25. van Praag H, Christie BR, Sejnowski TJ, et al. Running enhances
neurogenesis, learning, and long-term potentiation in mice. Proc
Natl Acad Sci U S A 1999;96:13427–13431.

26. Cabeza R, Anderson ND, Locantore JK, et al. Aging gracefully:
compensatory brain activity in high-performing older adults. Neu-
roimage 2002;17:1394–1402.

27. Scarmeas N, Zarahn E, Anderson KE, et al. Cognitive reserve
modulates functional brain responses during memory tasks: a
PET study in healthy young and elderly subjects. Neuroimage
2003;19:1215–1227.

28. Stern Y. What is cognitive reserve? Theory and research appli-
cation of the reserve concept. J Int Neuropsychol Soc 2002;8:
448–460.

29. Bennett DA, Wilson RS, Schneider JA, et al. Education modifies
the relation of AD pathology to level of cognitive function in
older persons. Neurology 2003;60:1909–1915.

30. Katzman R, Terry R, DeTeresa R, et al. Clinical, pathological, and
neurobiological changes in dementia: a subgroup with preserved
mental status and numerous neocortical plaques. Ann Neurol
1988;23:138–144.

31. Bennett DA, Schneider JA, Arvanitakis Z, et al. Neuropathology
of older persons without cognitive impairment from two
community-based studies. Neurology 2006;66:1837–1844.

32. Stern Y, Alexander GE, Prohovnik I, et al. Inverse relationship
between education and parietotemporal perfusion deficit in Alz-
heimer’s disease. Ann Neurol 1992;32:371–375.

33. Stern Y, Gurlad BJ, Tatemichi T, et al. Influence of education
and occupation on the incidence of Alzheimer’s disease. JAMA
1994;271:1004–1010.

34. Stern Y, Tang MX, Denaro J, et al. Increased risk of mortality in
Alzheimer’s disease patients with more advanced educational
and occupational attainment. Ann Neurol 1995;37:590–595.

35. Stern Y, Albert S, Tang MX, et al. Rate of memory decline in AD
is related to education and occupation. Neurology 1999;53:
1942–1947.

36. Roe CM, Mintun MA, D’Angelo G, et al. Alzheimer disease and
cognitive reserve: variation of education effect with carbon 11-
labeled Pittsburgh Compound B uptake. Arch Neurol 2008;65:
1467–1471.

37. Kemppainen NM, Aalto S, Karrasch M, et al. Cognitive reserve
hypothesis: Pittsburgh Compound B and fluorodeoxyglucose
positron emission tomography in relation to education in mild
Alzheimer’s disease. Ann Neurol 2008;63:112–118.

38. Morris JC. The Clinical Dementia Rating Scale (CDR): current
version and scoring rules. Neurology 1993;43:2412–2414.

39. McKhann G, Drachman D, Folstein M, et al. Clinical diagnosis of
Alzheimer’s disease: report of the NINCDS-ADRDA Work Group
under the auspices of the Department of Health and Human

Services Task Force on Alzheimer’s Disease. Neurology 1984;34:
939–944.

40. Yesavage JA, Brink TL, Rose TL, et al. Development and valida-
tion of a geriatric depression screening scale. J Psychiatr Res
1983;17:37–49.

41. Folstein MF, Folstein SE, McHugh PR. Mini-Mental State: a prac-
tical method for grading the cognitive state of patients for the
clinician. J Psychiatr Res 1975;12:189–198.

42. Wechsler D. WAIS-III, Wechsler Adult Intelligence Scale—third
edition, administration and scoring manual. New York, NY: The
Psychological Corporation, 1997.

43. Reitan R. Manual for administration of neuropsychological test
batteries for adults and children. Tuscon, AZ: Reitan Neuropsy-
chology Laboratories, 1979.

44. Benton AL, Varney NR, Hamsher KD, et al. Contributions to neu-
ropsychological assessment. Oxford, UK: Oxford University Press,
1983.

45. Monsch AU, Bondi MW, Butters N, et al. Comparisons of verbal
fluency tasks in the detection of dementia of the Alzheimer’s
type. Arch Neurol 1992;49:1253–1258.

46. Grober E, Lipton RB, Hall C, et al. Memory impairment on free
and cued selective reminding predicts dementia. Neurology
2000;54:827–832.

47. Kaplan E, Goodglass H, Weintraub S. The Boston Naming Test:
assessment of aphasia and related disorders. 2nd ed. Philadel-
phia, PA: Lea & Febiger, 1983.

48. Ryan J, Paolo A. A screening procedure for estimating premor-
bid intelligence in the elderly. Clin Neuropsychol 1992;6:53–62.

49. Friedman RB, Ferguson S, Robinson S, et al. Dissociation of
mechanisms of reading in Alzheimer’s disease. Brain Lang 1992;
43:400–413.

50. Nelson HE, O’Connell A. Dementia: the estimation of premorbid
intelligence levels using the New Adult Reading Test. Cortex
1978;14:234–244.

51. Wiens AN, Bryan JE, Crossen JR. Estimating WAIS-R FSIQ from
National Adult Reading Test-Revised in normal subjects. Clin
Neuropsychol 1993;7:70–84.

52. Alexander GE, Furey ML, Grady CL, et al. Association of pre-
morbid intellectual function with cerebral metabolism in Alzhei-
mer’s disease: implications for the cognitive reserve hypothesis.
Am J Psychiatry 1997;154:165–172.

53. O’Carroll RE, Prentice N, Murray C, et al. Further evidence that
reading ability is not preserved in Alzheimer’s disease. Br J Psy-
chiatry 1995;167:659–662.

54. Schmand B, Geerlings M, Jonker C, et al. Reading ability as
an estimator of premorbid intelligence: does it remain stable
in emergent dementia? J Clin Exp Neuropsychol 1998;20:
42–51.

55. Mathis CA, Wang Y, Holt DP, et al. Synthesis and evaluation of
11C-labeled 6-substituted 2-arylbenzothiazoles as amyloid imag-
ing agents. J Med Chem 2003;46:2740–2754.

56. Logan J, Fowler JS, Volkow ND, et al. Distribution volume ratios
without blood sampling from graphical analysis of PET data.
J Cereb Blood Flow Metab 1996;16:834–840.

57. Price JC, Klunk WE, Lopresti BJ, et al. Kinetic modeling of
amyloid binding in humans using PET imaging and Pitts-
burgh Compound-B. J Cereb Blood Flow Metab 2005;25:
1528 –1547.

58. Archer HA, Edison P, Brooks DJ, et al. Amyloid load and cere-
bral atrophy in Alzheimer’s disease: an 11C-PIB positron emission
tomography study. Ann Neurol 2006;60:145–147.

Rentz et al: CR and Amyloid Deposition

March, 2010 363



59. Fagan AM, Mintun MA, Mach RH, et al. Inverse relation between
in vivo amyloid imaging load and cerebrospinal fluid Abeta(42) in
humans. Ann Neurol 2006;59:512–519.

60. Lopresti BJ, Klunk WE, Mathis CA, et al. Simplified quantification
of Pittsburgh Compound B amyloid imaging PET studies: a com-
parative analysis. J Nucl Med 2005;46:1959–1972.

61. Rabinovici GD, Furst AJ, O’neil JP, et al. 11C-PIB PET imaging in
Alzheimer disease and frontotemporal lobar degeneration. Neu-
rology 2007;68:1205–1212.

62. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, et al. Auto-
mated anatomical labeling of activations in SPM using a macro-
scopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 2002;15:273–289.

63. Cohen JCP, West SGALS. Applied multiple regression/correlation
analysis for the behavioral sciences. 3rd ed. Mahwah, NJ: Law-
rence Erlbaum Associates, 2003.

64. Mormino EC, Kluth JT, Madison CM, et al. Episodic memory loss
is related to hippocampal-mediated beta-amyloid deposition in
elderly subjects. Brain 2009;132:1310–1323.

65. Walsh DM, Selkoe DJ. Deciphering the molecular basis of mem-
ory failure in Alzheimer’s disease. Neuron 2004;44:181–193.

66. Shankar GM, Li S, Mehta TH, et al. Amyloid-beta protein dimers
isolated directly from Alzheimer’s brains impair synaptic plasticity
and memory. Nat Med 2008;14:837–842.

67. Stern Y, Habeck C, Moeller J, et al. Brain networks associated
with cognitive reserve in healthy young and old adults. Cereb
Cortex 2005;15:394–402.

68. Stern Y, Zarahn E, Habeck C, et al. A common neural network
for cognitive reserve in verbal and object working memory in
young but not old. Cereb Cortex 2008;18:959–967.

69. Butters N, Granholm E, Salmon DP, et al. Episodic and semantic
memory: a comparison of amnesic and demented patients.
J Clin Exp Neuropsychol 1987;9:479–497.

70. Taylor KI, Salmon DP, Monsch AU, et al. Semantic and phonemic
sequence effects in random word generation: a dissociation be-
tween Alzheimer’s and Huntington’s disease patients. J Int Neu-
ropsychol Soc 2005;11:303–310.

71. Scarmeas N, Zarahn E, Anderson KE, et al. Association of life
activities with cerebral blood flow in Alzheimer disease: implica-
tions for the cognitive reserve hypothesis. Arch Neurol 2003;60:
359–365.

72. Rentz DM, Huh TJ, Faust RF, et al. Use of IQ adjusted norms to
predict progressive cognitive decline in highly intelligent older
individuals. Neuropsychology 2004;18:38–49.

73. Reiman EM, Chen K, Liu X, et al. Fibrillar amyloid-beta burden in
cognitively normal people at 3 levels of genetic risk for Alzhei-
mer’s disease. Proc Natl Acad Sci U S A 2009;106:6820–6825.

ANNALS of Neurology

364 Volume 67, No. 3


